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Abstract. The analogies between optical and electronic Goos-Hanchen effects are 
established based on electron wave optics in semiconductor or graphene-based nanostructures. 
In this paper, we give a brief overview of the progress achieved so far in the field of 
electronic Goos-Hanchen shifts, and show the relevant optical analogies. In particular, we 
present several theoretical results on the giant positive and negative Goos-Hanchen shifts in 
various semiconductor or graphen-based nanostructures, their controllability, and potential 
applications in electronic devices, e.g. spin (or valley) beam splitters. 
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1. Introduction 

The Goos-Hanchen (GH) effect, named after Hermann Fritz Gustav Goos and Hilda Hanchen 
HI, is an optical phenomenon in which a light beam undergoes a lateral shift from the position 
predicted by geometrical optics, when totally reflected from a single interface of two media 
having different refraction indices |]2]. The lateral GH shift, conjectured by Isaac Newton in 
the 18th century 0, was theoretically explained by Artmann's stationary phase method flU 
and Renard's energy flux method [0. With the development of laser beam and integrated 
optics 0, the GH shift becomes very significant nowadays, e.g. in the applications of 
optical waveguide switch [0 and sensors 018], or in fundamental problems on tunneling 
time BH [TOl [LQ • Therefore, the GH shift as well as other three nonspecular effects such as 
angular deflection, focal shift, and waist-width modification have been investigated in various 
configurations like frustrated total internal reflection (FTIR) lfT2l[T3l[T4l[T5l . attenuated total 
reflection (ATR) OH El, and partial reflection Ml OS US EH E21 [23]], and also extended 
to other physics fields [2] including nonlinear optics, plasmas, semiconductor, acoustics [|24|. 
neutron physics [|25][26) and even atom optics ||2"71 . 

The considerable number of publications on the subject, and a recent workshop on 
"Beam Shifts: Analogies between light and matter waves" held at Lorentz Center, Leiden, 
Netherlands (28 March- 1 April 201 1) demonstrate much current interest, not only from optics 
community but also from other fields such as condensed matter and particle physics. In recent 
years, the lateral GH shift and transverse Imbert-Fedorov (IF) shift (also known as spin-Hall 
effect of light) [|28l [29[ [301 ED EH [331, have attracted much attention (see review [El). The 
field covered here is vast, and we pay special attention to work done by the authors, while 
making effort to offer a global perspective. Therefore, in this review we shall concentrate 
on the electronic GH shifts in semiconductor and graphene-based nanostructures and their 
applications in spin (or valley) beam splitters and filters. 

Historically, the study of electronic GH shift is traced back to 1960s [[5l [35J . In 1964, 
Renard [5] proposed the energy flux method to investigate the GH shift for matter waves, 
based on the analogy between Schrodinger equation in quantum mechanics and Helmholtz 
equation in electromagnetic theory. Later on, Carter and Hora [1351 considered the GH shift of 
matter waves in total reflection at grazing incidence. Motivated by the progress on optical GH 
and IF shifts, Miller et. al. Il36ll made a theoretical investigation of the analogous GH shifts 
of a Dirac electron beam which undergoes a series of total internal reflections from finite 
potential barriers of arbitrary smoothness. In general, it is found that the GH shift for Dirac 
electrons is at most of the order of a Compton wavelength. To observe it macroscopically, the 
GH shift for Dirac electrons was further proposed to be amplified by multiple reflections ll37l . 
However, it is still an open challenge to detect the electric GH shift, due to the smallness of 
GH shift, and the difficulty in preparation of well-collimated electron beam, the analogue of 
an optical beam in electronics. 

With the advent of techniques for the semiconductor growth and fabrication of 
semiconductor nanoelectronic devices, the optics-like phenomenon |[38l . such as reflection, 
focusing, diffraction, and interference, resulting from the fact that the quantum-mechanical 
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wave nature of electrons, become prominent in electron wave devices, thus have given rise to 
a field of research which is best described as ballistic electron optics in two-dimensional 
electron systems (2DESs) (391 ED- In 1993, Wilson et. al. 0U have studied the GH 
shift and associated time delay for an electron beam totally reflected from a potential- 
energy/effective-mass interface in semiconductor. It was found that the phase shift resulting in 
the GH shift and time delay upon the total internal reflection has great effect on the quantum 
interference in electron wave devices, and thus contributes to novel electron waveguiding 
characteristics. Again, the smallness of electronic GH shifts in total reflection has impeded 
its direct measurement and applications in electron devices. To overcome this bottleneck, 
we generalized the electronic GH shift in total internal reflection to that in partial reflection 
Il42l 1431 . The resonance-enhanced GH shift of ballistic electrons in transmission was found 
in semiconductor quantum barrier [|42| as well as quantum well [43]. More interestingly, the 
lateral shifts of electron beam transmitted through a semiconductor quantum well, acting as 
electron wave slab, can be negative and positive, depending on the incidence angle Il43l . 
Moreover, the negative and positive GH shifts separate the spin-up electron beam from 
spin-down electron beam spatially in a more realistic setup, i. e., parabolic potential well 
under a uniform vertical magnetic field [@4) and 5-magnetic barrier nano structures fl45l . 
This achievement leads to some other interesting investigations and applications in quantum 
electronic devices such as spin filter or spin beam splitter. For instance, the GH shift in 
magnetic-electic nanostructures can be utilized to design a spin beam splitter, when the GH 
shift can be controlled by adjusting the electric potential induced by applied voltage and 
magnetic field strength of ferromagnetic stripes [I451 . For recent developments on this line 
of research, we refer the readers to the references [|46l WT\ [4~8ll4"9~l . 

A different but relevant line is electronic GH shift in graphene ll50l[5Tl[52l[53l[54l[55l[56l 
|57ll58]|. The first experimental fabrication of monolayer graphene [[5911601 . the graphitic sheet 
of one-atom thickness, has inspired many interesting and new concepts on Dirac electron 
optics to design graphene-based electron wave devices [|6D . Motivated by electronic negative 
refraction, Veselago lens and foucusing in graphene [1621 . Beenakker and his collaborators 
ll50l have pioneered the quantum GH effect at p-n interface in graphene, and have shown 
that the electronic GH shifts result in a remarkable &e 2 /h conductance plateau in p-n-p 
graphene junction. This work stimulates other progress on resonance-enhanced GH shifts 
in various graphen-based nanostructures, including single ll52l . (asymmetric) double barrier 
11531 . and superlattice II541 . These huge (negative or positive) GH shifts are considered to 
be more suitable to design the controllable valley and spin beam splitter. Similar to those 
in semiconductor, the GH shifts in graphene can be also modulated by electric and magnetic 
barriers [55], which influences the electronic transport in graphene-based electronics. Besides, 
a different and intriguing phenomenon is that the GH shifts can be also controlled by using 
only strain, without requiring any external fields [l56l l57l . In strained graphene, the lateral 
shifts, depending on stain tensor and direction [1581 . lead to valley-dependent transports and 
graphene-based valleytronic devices like valley beam splitter 11571 . 

The review is organized as follows. In Sec. [2] and [3] we shall present the work on GH 
shifts in semiconductor and graphene nanostructures, respectively. Throughout this review, 
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Figure 1. (Color online) Schematic diagram of an electron beam totally reflected from a single 
potential energy/effective mass interface with a lateral GH shift, s r . The incident, reflected are 
schematically represented by their respective beam axis. The dotted line is the path expected 
from the geometrical result in electron optics. 



we attempt to establish analogies between GH shifts of light beams and electron beams in 
semiconductor or graphene, and address such issues as (i) the properties of GH shifts in 
reflection and transmission, (ii) their controllability, and (iii) their dependence on different 
degrees of freedom, e. g. spin or valley. Some remarks and prospects will be presented in 



2. Electronic Goos-Hanchen shifts in semiconductor 

2.1. single interface 

We shall start with the GH shift for the totally reflected electron beam at a single interface 
between two different potential energies in semiconductor, which helps to establish the 
analogy of optical and electronic GH shifts on a heuristic basis. As shown in Fig. [H we 
consider a ballistic electron beam of total energy E that is incident at an incidence angle 6q 
from one region to the other, where the conduction band edge potential energies are V\ and 
Vi (V\ < V 2 ), and the effective mass are m\ and m*, respectively. When the incidence angle Oq 
is lager than the critical angle 



the total internal reflection will happen. The critical angle for total reflection are valid for the 
potential step (rise), when the energy satisfies V 2 < E < E c with E c = {m* 2 V2-m\V\)l{m* 2 -m\) 
PiTI . In this case, the reflectivity and phase shift are respectively given by 



Sec. |U 




(1) 
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and 

where k x = kcosO, k y = ksin6, k = (k 2 - k' 2 ) ljl , k = [2m*(£ - Vi)] 1/2 /ft and k! = 
[2m* 2 (E - V2)] 1/2 /h. Here 6 is the incidence angle for the plane- wave component under 
consideration. Now we are ready to calculate the GH shift for a finite-sized electron beam. 
The wave function of the incident beam is assumed to be 

i r°° 

= — — A(k y - kyo) exp[i(k x x + k y y)]dk y , (4) 
y2n J-oo 

with the angular spectrum distribution A(k y - fc v0 ) around the central wave vector k y0 . The 
wave function of the reflected one is thus expressed as 

1 r°° 

¥ r = — — I r(ky)A{k y - kyo) exp[i(-k x x + k y y]dk y , (5) 

where r(k y ) is given by Eq. ©. In practice, the range of the above integral is from -k to k, 
and here it can be ideally extended from -oo to oo for a well-collimated electron beam. 

To find the position where ITVI 2 is maximum, that is, the GH shift of the reflected beam, 
we look for the position at which the total phase O = -k x x + k y y + <f> r , has an extremum 
when differentiated with respected to k y , that is to say, dQ>ldk y = ll63l . This provides the 
stationary-phase expression of GH shift, namely, 

s r = -—\e=e , (o) 

OKy 

which yields the electronic GH shift in total reflection j|4Tl |42| 

2 (k 2 -k' 2 )tane 

s r = 5 5-, (7) 

k {mynQK^ + (m^/m*)^ 

where the subscript denotes the value taken at 6 = 6 Q , namely ky = kyo- This demonstrates 

that there exists the GH shift for ballistic electrons in semiconductor. So far, spin is totally 

neglected in our discussions. Since the GH shift is proportional to the de Broglie wavelength, 

1 /kq, it is a purely wave-like effect, and has nothing to do with the spin-orbit coupling. Like 

the GH shift in optics, the electronic GH shift in total internal reflection is only about the 

order of the electron wavelength, which has impeded its direct measurement and applications 

in electron devices. This drawback motivates us to study the enhancement of electronic GH 

shifts, see below. 

The close analogy between ballistic electrons transport (electron wave propagation) in 
semiconductor and the electromagnetic wave propagation in classical optics has been well 
established ll39l l64l . The similarity and difference for electron wave and electromagnetic 
wave are shown in Table ED As shown in Fig. [Q we can calculate the GH shift of light 
beam totally reflected from a single interface of two media having different refraction indices, 



Hi = yfjMEl and n 2 = ^2^2, 
2 ( 

2 (k 2 - k' 2 ) tan 8 
K (s 1 /e 2 )/c 2 + (s 2 /s 1 )k x0 



TE _ 2 (fc 2 -fc' 2 )tanfl 
+ ( 

/M = 2 (k 2 -k' 2 )tane (9) 
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Table 1. Analogy for the electron wave and classical optics 
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TE wave 


TM wave 
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k 2 = co 2 fj.s (linear) 


2(E - V)/fi 
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l/[2(E-V)] 
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which are the same as Eq. ©. With the analog parameters in Table [Q we have k = 
yfJxie[co and k! = -JJI^to are the wave vector in two different media, and other parameters 
are expressed as k = (k 2 - k' 2 ) xl2 , k x = kcosO, and k y = ksin9 in optical analogy, 
respectively. Apart from the similarity, we should also point out the difference in the electron 
effective masses brings new degree of freedom, and as a result the critical angle, reflection, 
transmission, and GH shift are more complicated and also interesting. For instance, when 
the negative effective electron mass is considered in a semiconductor, e.g. GaN j|65ll . the 
electronic analogy of negatively refractive media can be achieved, and the GH shift of ballistic 
electrons is expected to be negative fl66l . 



2.2. quantum barrier and well 

Based on the previous results BTl 1421 . the GH shift in total reflection can be further 
generalized to partial transmission in semiconductor quantum barrier and well, as shown in 
Fig. [21 First of all, we turn to discuss the GH shift in transmission through a semiconductor 
quantum barrier, extending from to a, where V 2 > V\, V 2 is the height of potential barrier, 
V\ are the potential energies on its two sides, and corresponding electron effective masses 
are m* 2 and m\. In this case, the critical angle for total reflection is given by Eq. (Q~|), so 
that the electron wave propagation inside the region of barrier can be divided into two cases: 
evanescent and propagating waves. Different from the GH shift in total reflection, the GH 
shift in transmission though potential barrier can be enhanced by transmission resonances 
[|42|. where the potential barrier is described in Fig. 12(b). Therefore, we just emphasize the 
propagating case when the incidence angle 6 is less than the critical angle 6 C [see Eq. (OQ)] 
for total reflection. In this case, the GH shift of the transmitted beam is easily obtained by 
stationary phase method 

s = -—\e=e , (10) 
dky 

where the phase tp is given 

\[m*k x m*.k'\ 

tan0=-M-f + -!-£ tan^a, (11) 
2 \m\ k' x m 2 k x j 

where k' x = k' cos ff , k! = \2m* 2 {E - V 2 )] 1/2 /fi, and 6' is determined by Snell's law for electron 
wave, sin sin# = [m*(E - Vi)/m* 2 (E - V 2 )] 1/2 . Thus, the GH shift in transmission has the 



Electronic analogy of Goos-Hanchen effect: a review 

y 




eVa 



(b) 





a 











eVa 



(c) 



Figure 2. (Color online) (a) Schematic diagram of (positive and negative) lateral GH shifts of 
ballistic electrons propagating obliquely through a quantum barrier or well, corresponding to 
a two-dimensional semiconductor potential barrier (b) and well under external applied electric 
field (c). 



following form: 



s = 



2/o 2 



m*k' 

1 xO 



+ 



m \ k ' M 

m* 2 k x0 



k' 2 \ 

1 _ 

k 2 

K xQ I 



m* 2 k x0 
m\k' M 



m *i k 'xi) 
m*k x0 



sin 2k'la 
2k'^a 



(12) 



where s g = atan8' is the shift predicted from Snell's law for electron waves, and T = l// 2 
is the transmission probability, determined by the following complex number, 

,.. , i I ml k x m* k'\ 

fe'* = cos k'a + - — — + — — sin Fa. 



m* 2 k x 



In the evanescent case where the incident angle 8q is larger than the critical angle G c , the 
above expression is still valid, only if k' xij is replaced by z'/co. Importantly, the GH shift in this 
case becomes independent of barrier's thickness, and saturates a constant, which is the order 
of electron wavelength. This phenomenon is similar to the optical GH shift and associated 
with Hartman effect in FTIR 031 03, Here we are more interested in the GH shift in the 
propagating case, instead of evanescent case. 

When k'^a = mn (m = 1,2,3...), we have T = 1, which is so called transmission 
resonance. At resonances, and the lateral shift is maximal, 



m*k' 

1 xO 



+ 



l' V A<) 



m*k x0 



(13) 



If the incidence angle 9 is close to the critical angle 6 C , k' M is much less than k x0 , so that s max 
is much larger than s g . On the other hand, when k' xQ a = (m + 1 /2)n, T reaches its minima and 
the electron beam is most reflected back. In this case, the lateral shift is also minimal, 



S\k' x0 a=(m+\/2)n 



2Sr 



m%k 



^ m i k x o 



m *iKo 



m*k xQ 



(14) 



Obviously, the GH shift is modulated by the transmission probability T Q , so that it can be 
greatly enhanced by transmission resonances resulting from the multiple reflections inside the 
barrier. 



Electronic analogy of Goos-Hanchen effect: a review 



8 



In analogy with the negative GH shift in dielectric slab IBDH , the GH shift of ballistic 
electrons is found to be negative as well as positive when the electron beam transmits though 
semiconductor quantum well, as shown in Fig. |2] (c), acting as quantum slab [|43l . The 
expression for the GH shift in quantum well is the same as that for quantum barrier. The only 
difference considered here is V2 < V\ for semiconductor quantum well. When the necessary 
condition 

+ ^I^o L _O/^^0 _K^o\ (15) 
m\ k' M m* k M \ k 2 ^)\ m\ k' M m* k x0 J ' 

is fulfilled, the GH shift becomes negative, when the incident angle satisfies 

\m*(E - V 2 )lm*,{E - Vi) - 1 11/2 



COS 6q < 



1 + (mi/m*) 2 



= cos9 t . (16) 



- 2 / 

Further analysis shows that when the incident energy is in the region of V\ < E < E c , 
the necessary condition (fT6l) is satisfied, so that the lateral shift of ballistic electrons in the 
quantum slab can be negative as well as positive. In other word, if the incidence angle 9q 
is larger than the threshold angle 8, the GH shifts in transmission through a semiconductor 
quantum slab can be negative for some values a, width of semiconductor quantum well, while 
the GH shifts are always positive in the semiconductor quantum barrier (V 2 > 

In addition, when V 2 < V\ is assumed for quantum well, there exists the critical angle, 
6 C , at the electron energies above E c . In the case of E > E c , the total internal reflection occurs. 
Thus, the lateral shifts are always positive, since the necessary condition (fT6l) is invalid. On 
the contrary, when E > E c for quantum barrier V 2 > V\ , the GH shifts can be negative under 
some conditions ll43Tl . All these complicated but interesting behaviors result from the effective 
masses. Note that if the effective masses are equal, m\ = m* 2 , the critical angle for quantum 
well does not exist because the critical energy E c goes to infinity. 

Before we turn to the modulation of GH shifts and its applications, we have to clarify 
the physical explanation of positive and negative GH shifts of ballistic electrons in quantum 
barrier and well. Originally, the GH shift was explained by the reshaping of totally reflected 
plane-wave components undergoing different phase shifts, based on Artmann's stationary 
phase method flU . The GH shifts presented here can be further understood from the destructive 
and constructive interference due to the multiple reflections and transmission inside the barrier 
or well. The negative GH shift is similar to that of light beam transmitted through a dielectric 
slab Il20ll . but different from that in negatively refractive media [|66l EOl . As illustrated in 
optical analogy, we have already demonstrated that the negative lateral shift is produced by 
the reshaping effects due to the multiple reflections ll23Tl . 



2.3. modulation by external fields 

From the point of view of applications, the controllability of GH shifts by external fields will 
provide more flexibility to design the electronic devices, based on the negative and positive 
shifts mentioned above. To this end, we first focus on the control of GH shift by external 
electric field, taking account into imposing applied bias field on the semiconductor quantum 
well, see Fig. [21(c). Because the system is translationally invariant along the y direction, the 
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Figure 3. (Color online) (a) Schematic diagram for 2DEG with the parabolic quantum well 
under a uniform magnetic field B along the vertical z-direction. (b) Negative and positive GH 
shifts of ballistic electrons are presented in this configuration, (c) Description of the parabolic 
confinement potential H con f. 



wave function in the region of the quantum well under applied electric field can be expressed 
as *P(jc, y) = if/(x)e lkyy , where the longitudinal wave packet is determined by, 
d 2 Mx) 2m* i eV„x\ 

-0 2 + -r( B -- Vl+ -r)* w -°- (17) 

where E x = f^k^/lm^ is the longitudinal energy and V a is the applied biased voltage. 
Generally, the solutions of Schrodinger equation for the Hamiltonian with applied biased 
voltage V a are the well-known linearly independent Airy functions Ai(n) and Bi{rf), that is 
iff(x) = MAi(rj) + NBi(n), where 



77= - 



2m\eV a 
an 1 



1/3 



-^-{E x -V 2 ) + x 

eV a 



(18) 



with longitudinal energy E x = tfk^/lml. Based on the boundary conditions, the analytical 
expressions for transmission coefficient and corresponding phase shift are obtained, then the 
GH shift is finally numerically calculated. In Ref. Il43ll . the numerical results show that the 
GH shifts with biased voltage can also be negative as well as positive in the same way as those 
in absence of external applied electric field, and the lateral shifts are tuned from negative to 
positive when the biased voltage V a is increased. In addition, we have also illustrated that 
the parameter x of semiconductor has great effect on the lateral shifts, when we consider 
the semiconductor quantum well consisting of Gai-^Al^As/GaAs/Gai-^ALAs. Thus, this 
provides a more feasible scheme to control the GH shifts by using external fields, instead of 
manipulating the parameters of semiconductor structure, e.g. the width a of quantum well. 

Next, we shall discuss that the external magnetic field provide an alternative way to 
modulate the (negative and positive) GH shifts in quantum well. As depicted as showin Fig. 
|3j we consider the GH shift for ballistic electrons with total energy E in a parabolic quantum 
well under a uniform magnetic field, in which the Hamiltonian is given by 

H = ^(p - A) 2 + ^jiBgo-B + H con f, (19) 
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with the parabolic confinement energy H con f = ^m*oj 2 y 2 . This system is particularly 
interesting, because at high magnetic fields, Landau levels form and quantum Hall effect 
have no any optical analogy 11391 . In such a quantum well, the uniform magnetic field 
bends continuously the trajectory of electron, exhibiting cyclotron motion, which implies 
that the motion of electron has no direct analogy with the linear propagation of light. But 
the transmitted electron beam still experiences the GH shift in such quantum systems, and 
the unique properties of GH shifts depend on not only incident energy and incidence angle, 
but also the magnetic field and Landau quantum number. After some lengthy but direct 
calculations, the GH shift in quantum well under a uniform magnetic field is obtained, by 
using the stationary phase method, as p4j 



a tan 8 



< k' 2 ^ 



xO 

k 2 



sin (2k' a) 



2k' M a 



(20) 



2/o 2 

where the subscript means the value at k y = k y0 , that is 6 = 9q, as before, for the plane wave 
component under consideration 

Ik 2 + k' 2 \ 

f exp (i(p) = cos (k' x a) + i x x sin (k' x a), (21) 



2k x k' x 

the corresponding longitudinal wave vector k x = (k 2 - k 2 ) l/2 , and k' x in the central potential 
region is 



l2m*u) 2 c [E n -(n + \)hu) c - \/j, B gcrB] 

K = v ' (22) 

with the parameters: k = (2m*E) 112 /h, effective mass of electron m*, energy E n (n is Landau 
level), cyclotron frequency co c = Be/m*, and col = + to 2 .. When the only plane wave is 
considered, the spatial location inside the potential well is around 

Y ee Tik'JeB = v(n, k'J (23) 

with the velocity 

An , K) = l§ = ^. (24) 
n ok x co l c m* 

The transverse location for each plane wave eigenstate is proportional to the velocity and 
magnetic field. From the classical viewpoint, the spatial displacement can be plausibly 
explained by Lorentz force 091. As a consequence, the transverse shifts for the forward 
and backward propagating states inside the central region are positive and negative, since 
Lorentz force is opposite for electrons moving in the opposite direction. However, the 
lateral displacement predicted by the GH effect will be totally different. On one hand, 
in the propagating case, when the transmission resonances k' x d = mn or antiresonances 
k' x d = (m + 1 /2)n occur, the GH shift is zero, which means the positions in the y direction are 
the same for both incident and transmitted electrons. On the other hand, the GH shifts can be 
negative and positive, depending not only on the incident energy, but also on magnetic field. 
Whereas, in the evanescent case, the GH shifts become always positive, like in semiconductor 
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barrier. The dependence of GH shift on the strength of magnetic field and Landau energy 
level provides more freedom to control the GH shifts. In the propagating case, the GH shifts 
can be changed from negative to positive by controlling the strength of the magnetic field, and 
vice versa. However, the GH shifts finally become positive with increasing the strength of 
the magnetic field, since the propagation of electrons is actually evanescent. Based on these 
phenomena, the spin beam splitter is proposed in [1441 . in which the spin-up and spin-down 
electron beams can be completely separated by negative and positive GH shifts. In addition, 
we can choose the incident energy within the range of < E < E~, where the critical energy 
for evanescent waves with spin-up and spin-down polarizations are 

E c = (n + ^)hw c + -n B go-B, (25) 

obtained from Eq. (|22)) . This suggests that the spin-down polarized electrons for E > E~ 
can traverse through the structure in the propagating mode with high transmission probability, 
while the spin-up polarized electrons for E < E^ tunnel through it in the evanescent mode 
with very low transmission probability. These phenomena describes an alternative physical 
mechanism to design a spin spatial filter with energy gap, AE = /^BgB. In what follows that 
we will discuss the applications of GH shifts in spintronics. 



2.4. applications in spintronics 

Now we shall discuss the spin-dependent GH shift and its application in spintronics. As 
mentioned before, the proposal for designing spin beam splitter is that the spin-up and spin- 
down polarized electron beams are separated by different GH shifts in parabolic quantum 
well under a uniform magnetic field, due to their energy dispersion realtion depending on 
the spin polarization [04). In other realistic electronic devices, a significant class of 2DEG 
nanostructures, magnetic barriers, can be experimentally realized by the deposition of a 2DEG 
in an inhomogenous field, see the references in [05] 06] 07] 08] 09). In 2008, we have 
proposed for the first time the tunable GH shifts and spin beam splitter in the modulation- 
doped semiconductor heterostructure, depositing two metallic FM stripes on top and bottom 
of the semiconductor heterostructure [05]. The configuration of such magnetic-electric 
nanostructure is shown in Fig. 0] The Hamiltonian describing such a system in the (x,y) 
plane, within the single particle effective mass approximation, is 

pl \j>v + eA Y (x)] 2 eg* a% 

H = T^ + o r + u & + T~ ~r B M> ( 26 ) 
2m 2m 2mo 2 

where m* is the electron effective mass and m is the free electron mass, {p x ,p y ) are the 
components of the electron momentum, g* is the effective Lande factor, cr = +1/ - 1 
for spin up/down electrons, and A y (x) is the y-component of the vector potential given, in 
Landau gauge, by A = [0, A y (x),0]. For GaAs, we can choose B z = 0.1 T, g* = 0.44, 
and m* = 0.067m . Once the Hamiltonian is given, we can follow the similar process to 
calculate the GH shift in terms of stationary phase method. It was found that the GH shifts of 
transmitted electron beam are negative and positive, and can be controlled by the magnetic- 
field strength of ferromagnetic stripes and the applied voltage. Depending on the magnetic 
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Figure 4. (Color online) (a) Schematic illustration of the magnetic-electric nanostructure with 
two metallic FM stripes deposited on top and bottom of the semiconductor heterostructure; 
(b) The magnetic-electric barrier models exploited here corresponds to the P and AP 
magnetization configurations of two FM stripes, respectively, (c) The positive and negative 
GH shifts in this nanostructure. 

barriers, described by B z (x) = B\5(x + a/2) - xBi8{x - a/2), the behaviors of GH shifts for 
X = +1 (P case) and^ = -1 (AP case) are totally different with respect to spin polarization. In 
the AP configuration, the GH shift depends on the electron spin due to its asymmetry, so that 
the spin-polarized electron beam can be separated spatially, while in P configuration GH shift 
does not depend on spin polarization. As a result, the negative and positive GH shifts depend 
on electron spins when two ^-magnetic barriers point at the same direction, thus a spin beam 
splitter that separates spin-up and spin-down electron beams by their corresponding GH shifts 
can be proposed in parallel double ^-magnetic barrier nanostuctures. The proposed spatially 
separating spin filter and spin beam splitter are different from those designed by the refraction 
of a spin electron beam at the interface by considering spin-orbit coupling of Rashba and 
Dresselhaus types Il67ll68l . 

Following the work in [1451 . Lu's group has also investigated the tunable GH shift and 
spin beam splitter in the magnetic barrier nanostructure and its variants ll46l l47l |48] 09]. For 
example, the realistic magnetic barriers created by lithographic patterning of ferromagnetic 
or superconducting film have been further considered [|49l. Due to intrinsic symmetry, only 
nanostructures with symmetric magnetic field possess spin- dependent GH shifts. The control 
of GH shifts over the incident angle, incident energy, size and position of ferromagnetic stripe 
is of great benefit to design a new type of spin filter, spin injection, and spin beam splitter in 
such magnetic-electric nanostuctures. 
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Figure 5. (Color online) (a) Schematic diagram of total internal reflection and negative GH 
shift at a sharp p-n junction, (b) Low-energy linear spectrum and potential diagram. 



3. Electronic Goos-Hanchen shifts in graphene 

3.1. single interface 

In this section, we shall turn to the GH shift in graphene, which is different from that 
in semiconductor. As we know, graphene is a two-dimensional zero-gap semiconductor 
with linear dispersion relation, E = Hkv F , thus the low-energy quasi-particles are formally 
described by the Dirac-like Hamiltonian [1601 . H = -ihvpcr ■ V, Vf ~ 10 6 m • s' 1 is the Fermi 
velocity, k is the Fermi wave vector, and <x = (cr x , cr y ) are the Pauli matrices. The linear energy 
dispersion and two spinor component of the wave function differentiate the electron wave 
propagation in graphene from that in semiconductor, which leads to many interesting optic- 
like phenomena, such as negative refraction [|62l . collimation ||69l , Fabry-Perot interference 
fTOl . Bragg reflection flTTI and waveguide [l72l . To consider the GH shift in graphene, the 
incident electron beam is assumed to be 

= J dk y A(k y -k y »)e i(k * x+k ^l j, (27) 

and the reflected one is thus expressed as 

¥ r = J dk y r(k y )A(k y -k y0 )e i( - k * x+k > y) i . e _ m I, (28) 

where A(k y - k y o) is the angular spectral distribution around the central wave vector fc >0 an d 

the reflection amplitude is r{k y ) = \r\ exp [i<p r {k y )\. The two upper and lower components 

at the interface x = centered at two different mean y coordinates, y l " = +\6'(k y o). The two 



components *P r;± at the interface x = centered at y r ± = -(f>' r (k y0 ) + \0'(k y o). So the upper spinor 
component displaced along the interface by an amount <x + = y r + -y'" = -<p' r {k y o)-6'{k y ®), while 
the displacement of lower spinor component is given by cr_ = y'i - y'" = -<^(fc v o) + ff{k y0 ). 
Different from that in semiconductor, the GH shift in graphene is defined as 
1 d(p r 

Sr = ^(0- + + CT_) = - — 1^,=^, (29) 
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which means the average displacement of upper and lower spinor components. Noting that 
different spin component for incident wave will lead to different definition of GH shift in 
graphene. In order to clarify the difference from the GH shift in semiconductor, we would 
like to repeat the calculations of GH shift in the literatures ll50l[5TI . As shown in Fig. [51 we 
consider the incident electron wave with incidence angle 9. Based on the Dirac-like equation 
described above, we can write down the wave functions in the two different regions of I and 
II. By defining k = \E\/hv F and k' = \E — V \/hv F , we have 

1 / P- W ' 2 \ r I -ip ie l 2 \ 

= • <30) 

with k x = kcosO, k y = ksinO, and s = sgn(E), where r is the reflection amplitude. In region 
II, the transmitted wave is given by 

*n = A=( \&"**\ (31) 



V2 \ s'e iipa , 

with k' x = k! cos <p and s' = sgn(E - V ). By using boundary conditions at x = 0, we can 
calculate the coefficients r and t, where r is given by 

Ke ie - ss'e*) .... 

r = (32) 

1 + ss'e l6 e'^ 

When the incidence angle 8 is larger than critical angle 8 C = arcsin|V /£ — 1 1, the total 
reflection occurs. In this case, k' x = Ik = i(k 2 - k' 2 ) l/2 , the reflection coefficient becomes 

ie i6 ss'k' + (k + k y ) 

r = \r\ exp = \ . (33) 

ss'k' + ie'°{K + ky) 

According to the above definition (|29T ), the GH shift at the single interface, as shown in Fig. 
[5l is obtained as ll50l 

1 k^ + ss'k 2 (\V /E-l\) 

Sr = ~- ■ (34) 

Noting that in the subscript means the value at k y = fc y0 and the GH shift in total reflection is 
again the order of electron wavelength, 1/k . In general, when graphene n-n interface (when 
E > Vo) is considered, ss' = 1, thus the GH shift is always positive, like the GH shift at the 
single semiconductor interface. Interestingly, the negative GH shift appears at a graphene p-n 
interface (when E < Vo), due to ss' = -1, for the incidence angles satisfying 



6 C < 6> < 6* = arcsin Vsin6> f . (35) 

On the contrary, when 6>o > 6*, the GH shift becomes positive, regardless of the relative 
magnitude of E and Vq. 

To understand the positive and negative GH shifts in graphene, we may define the 
effective refractive index as n e = E/(E - Vo). In the case of E < Vo, the Klein tunneling 
is analogous to the phenomenon of negative refraction in metamaterial with n e < 0. On the 
contrary, the classical motion for E > V corresponds to the positive refractive index (n e > 0) 
in the normal dielectric. Since the link between Klein tunneling and negative refraction, many 
intriguing phenomena in metamaterial, for example, negative refraction, Veselago lens and 
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focusing 11621 , have been transferred to the electron transports in graphene. In addition, the 
optical analogy of graphene has been also proposed in photonic crystals [1731 1741 1751 and 
negative-zero-positive index metamaterial (NZPIM) 1176117711 . For more information, we refer 
the readers to the recent review in [1781 . 

3.2. single, double and multiple barriers 

Recent publications have shown that the GH shifts in graphene can be greatly enhanced 
by transmission resonances in various graphene-based nano structures including single [1521 . 
double 11531 and multiple barriers [|54l . 

In graphene-based barrier, the expression of GH shift are similar to that in semiconductor 
barrier, so we will not repeat them. But since the unique properties of electron transport in 
graphene, the GH shifts are simply discussed in two difference cases: Klein tunneling and 
classical motion If79ll . In classical motion, the critical angle becomes 



when E > Vq is satisfied. Thus, the electron wave propagations can be propagating and 
evanescent cases, which depend on the incidence angle below or above the critical angle 
for total reflection. In both cases, the GH shifts are always positive as those in the 2D 
semiconductor barrier [|42l . In Klein tunneling case, there is a critical angle for total reflection, 
defined as 



when the condition E < V < 2.E is satisfied. When the incidence angle 6o is less than 
the critical angles 9 C , that is, 9 < 9 C , the GH shifts can be positive as well as negative. 
Particularly, the lateral shifts can be positive for a thin barrier, while at some resonance or anti- 
resonance points they become negative. And the negative lateral shifts can be enhanced by the 
transmission resonances. When 6q > B c , the GH shift in the evanescent case is about the order 
of electron wavelength, and becomes independent of barrier's thickness. More interestingly, 
the saturated GH shift is negative when the incidence angle satisfies 8 C < 6 < 6*, while it 
becomes positive when 8 > 6*. This result is related to pseudospin degree, as mentioned in 
ll50l . As a consequence, the sign change of the GH shifts appears at different incidence angles, 
which also provides the freedom to control the GH shift. As a matter of fact, the positive and 
negative GH shifts discussed here remind us those of light beam transmitted through a slab 
of negative-index metamaterial Il20l . In the slab of negative-index metamaterial, the negative 
index contributes to the negative lateral shift, while the positive lateral shift does result from 
the reshaping effect due to the multiple reflections. This provides the physical explanation of 
positive and negative GH shifts in the graphene barrier, which is totally different from those 
in semiconductor quantum slab Il43l . In semiconductor quantum slab, the negative lateral 
shift has nothing to do with Klein tunneling (negative refraction in the language of optics), 
and does originate from the beam reshaping resulting from multiple reflections inside the slab 
Il20l . Our recent work is devoted to the optical simulation of transmission gap and Klein 




(36) 




(37) 
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tunneling in graphene barrier [|2~2~1 . by using the negative-zero-positive index metamaterial 
(NZPIM) ll76l 17711 . in which the similar negative and positive GH shifts, relevant to Klein 
tunneling and classical motion, are also found. 

Most recently, the GH shifts in graphene-based barrier are directly generalized to 
graphene double barrier and multiple barrier (superlattice) structures. Different from the GH 
shifts in graphene barrier, the GH shifts in double barrier structure can be greatly enhanced 
ll53l inside the transmission gap in a single barrier [1521 1791 . This giant GH shift is attributed 
to the quasibound states formed in double barriers. Moreover, they have made the conclusion 
that the smoothness of the potential barrier will not restrict the application of the giant GH 
shifts, by studying a realistic potential which varies smoothly on the scale of the graphene 
lattice constant. (We should point out that the similar analysis of electronic GH shifts is also 
interesting for the smooth interfaces in semiconductor.) In subsequent work, we have also 
investigated the giant negative and positive lateral shifts for the transmitted electron beam 
through monolayer graphene superlattices [|54l . The GH shifts, depending on the location 
of new Dirac point, can be negative as well as positive. Especially when the condition 
Qfrdh = -qB<iB = mn (m = 1,2,3...) is satisfied, the lateral shifts can be controlled from 
negative (positive) to positive (negative) when the incident energy is above (below) the Dirac 
point, by increasing the incidence angle. In addition, the lateral shifts can be greatly enhanced 
by the effect of defect mode inside the zero-fc bandgap. Actually, the optical analogy of 
giant GH shifts in graphene superlattice can be realized near the band-crossing structure of 
one-dimensional photonic crystals containing left-handed metamaterials Il80l . In a word, the 
tunable and giant GH shifts will have potential applications in the graphene-based electron 
wave devices, such as electronic wave filter and beam splitter. 

3.3. strain effect 

As far as we know, the GH shifts in graphene can be tuned by external electric and magnetic 
fields. For example, Sharma and Ghosh [55] have studied the electronic GH shifts in terms 
of the analogy between light propagation and electron transport in graphene. The GH shifts 
are shown to be controlled by adjusting electric and magnetic barriers. In recent years, more 
attention has been paid on mechanical strain, which induces a pesudo-vector potential, and 
can be used to manipulate electron transport without using external fields. Motivated by these 
progresses, Chang et. al. 11561 have demonstrated that the electrons in opposite valleys (K 
and K') show different Brewster-like angles and GH shifts, by engineering of local strains. 
In the strained graphene, the low-energy electrons can be well described by the effective 
Hamiltonian H = v F cr' ■ (p + £A l /v F ) + V 1 , where the superscript i indicates the different 
regions, V is the electrostatic potential in the region i, g = +1 labels K and K' valleys, 
and the Landau gauge A = (0,A y ,0) is used here. Here we focus on the analogy between 
the strained graphene and metamaterial. For simplicity, V = can be set, since the valley- 
dependent Brewster angle is the gauge vector £A. Let us start by considering electron with 
k = E/Hv F reflection from a region of uniform uniaxial strain. In the strained region, we have 
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k 2 * + (ky + %A y ) 2 = k 2 , so that the critical angle for total reflection is 



6 C £ = arcsin | - — ; — - ), (38) 



. (ky 

0,.r = arcsm I — — 

k 

and the effective refractive index in optics can be defined as n e g = (k y + £A y )/k y . Note that 
when ky(ky + ijA y ) < 0, the refractive index of the strained graphene is negative just like for 
a metameterial with negative refractive index. As pointed out in Ref. 11561 . the refractive 
index can be tuned mechanically in a large range, which is not so for the metamaterial in 
optics. Besides, the perfect transmission through a region of uniform uniaxial strain with 
width D has different windows in the K or K' valley, since the above critical angle has a 
different dependence on the vector potential for two valleys denoted by £ = +1. For some 
incidence angles, we can achieve totally transmitted electron beams for one valley and totally 
reflected electron beams for the other valley simultaneously. These characteristic angles are 
further analogous to the so-called Brewster angle in optics. Going back to the case of single 
interface, we apply stationary phase method, and calculate the GH shift for a uniform uniaxial 
strain in graphene [|56l 

2k vQ + £A y 

s r = (39) 

from the reflection coefficient 

k x + i(k v - k' - k) .„ „ N 



4> r (k y ) = arctan ( - — ^ ), (41) 



and phase shift 

(ky- 

bJk..} = arctan I 

with ky = ky + £A y and k = (k[ 2 - k 2 ) 1/2 for the total reflection when incidence angle above the 
critical angle. Again the subscript means the value at 6 = 6 , where 6q is the incidence angle 
of electron beam, and 6 is the incidence angle of plane wave under consideration. Clearly, the 
GH shifts can be positive or negative, and the strain effect will provide the totally different 
scheme to control the GH shift in graphene, which is different from the control of GH shifts by 
external electric |]50 | and/or inhomogeneous magnetic field [1441 |45l . This valley-dependent 
GH shift will further give rise to the application in valleytronics [1571 l58l . Exhibiting a close 
analogy with optical GH shift in dielectric slab 11201 . the GH shift of the transmitted electron 
beam for a normal/strained/nomal graphene junction can be further remarkably enhanced by 
the valley-dependent transmission resonances, which has been already utilized to design a 
valley beam splitter in [|57l . 

Finally, we shall emphasize that the strain effect really provides a useful way to tune GH 
shifts in graphene, as compared to the controllability in semiconductor. The two valleys in 
graphene are related by time reversal symmetry and act in much the same way as electron spin 
in spintronics. So valley-dependent GH shift and its modulation in graphene might be useful 
in graphene -based devices, referred to as valleytronics. Thus this research line is promising 
and still worthwhile explored. One can further consider the valley-dependent GH shifts in 
(gapped) graphene with spin-orbit coupling and bilayer graphene, as the extension in lf52ll8TTl . 
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4. Summary and outlook 

We have reviewed the electronic GH shifts in semiconductor and graphene-based 
nanostructures, including single, double barriers and superlattices. The common feature is 
that the GH shift can be enhanced by transmission resonances, and the (negative or positive) 
lateral shifts can be controlled by various approaches. From the point of view of application, 
the controllability of GH shifts can be realized by using external electric/magnetic fields in 
semiconductor and even by adjusting strain in graphene. The spin (or valley)-dependent GH 
shifts also open the new possibility to design the electronic devices, such as spin (or valley) 
beam splitters and filters. 

Usually the analogies between phenomena occurring in two different physical systems 
open a route to find new effects or tow translate techniques or devices, and quite often help 
to understand both systems better. In this emerging field, we have gained an increased 
understanding and intriguing phenomena, and new physical effects of electronic GH shifts. 
However, there still exist several open questions. For the application, the measurement of 
electronic GH shifts for electron beams in semiconductor or graphene remains challenging 
with several possible reasons, for example, preparation of required (well-collimated) electron 
beams, electron scattering, the smoothness of potential, and the smallness of GH shifts. These 
imply the electronic systems are different and more complicated, which sets the limits of the 
optical analogy in solid state. For example, in the recent experiment on electron waveguide in 
graphene [|72ll . the GH shift is about 1 nm (^ 2n/k) under typical doping conditions. With the 
estimated disorder to be of the same order of few nanometer, hence it is impossible to observe 
the signature of GH effect, i.e. a quantized conductance of Se 2 /h at guide thickness of 1.5 nm 
ll50l . Theoretically, the electronic GH shift may have the close connection with the electron 
transport in semiconductor and graphene, since there is a hint that the lateral and angular GH 
shifts are analogous to the skew scattering and side jump [[841 . but without pursuing (see Fig. 
8.4 in reference fl84l ). Therefore, the spin-dependent GH shifts are considered to be relevant 
to anomalous Hall effect lf82ll83Tl . But so far the spin-dependent GH shifts presented in this 
review have nothing to do with the spin-orbit coupling. So the spin-dependent GH shift and 
relevant electronic transport in presence of spin-orbit coupling might be extremely interesting 
and significant for further work, and will definitely help to understand the beam shifts and 
spin-orbit coupling in optics. 

Last but not least, recent theoretical prediction [|85l and experimental realization [|86l [871 
on (GH or IF) beam shifts, electron vortex beams carrying orbital angular momentum pave 
new avenues to investigate angular momentum, spin-orbit interaction [[881 . and relativistic) 
analogy of spin Hall effect ll8"9ll . which are beyond the scope of this review but worth 
mentioning. 
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